Direct evidence of controlling the population of magnetic domains in BiFeO 3 thin films through electric field is reported using neutron diffraction. By fabricating BiFeO 3 thin films on vicinal SrTiO 3 substrates, we have achieved ferroelectric monodomains as confirmed by piezoresponse force microscopy. The application of an electric field between the bottom SrRuO 3 and the top electrode switches the ferroelectric domain state with concomitant changes in magnetic reflections observed with neutron diffraction, indicating changes in the antiferromagnetic domain populations. The observed magnetoelectric switching behavior by neutron diffraction is compared with the electric-field effect on the magneto-optical Kerr effect measurement on patterned pads of exchange coupled Co film deposited on top of the BiFeO 3 films. The present result shows possible new directions for the realization of magnetoelectric devices. The magnetoelectric effect in BiFeO 3 (BFO) has previously been investigated through direct imaging with photoemissionelectron-microscopy and exchange coupling with an upper ferromagnetic layer.
Direct evidence of controlling the population of magnetic domains in BiFeO 3 thin films through electric field is reported using neutron diffraction. By fabricating BiFeO 3 thin films on vicinal SrTiO 3 substrates, we have achieved ferroelectric monodomains as confirmed by piezoresponse force microscopy. The application of an electric field between the bottom SrRuO 3 and the top electrode switches the ferroelectric domain state with concomitant changes in magnetic reflections observed with neutron diffraction, indicating changes in the antiferromagnetic domain populations. The observed magnetoelectric switching behavior by neutron diffraction is compared with the electric-field effect on the magneto-optical Kerr effect measurement on patterned pads of exchange coupled Co film deposited on top of the BiFeO 3 films. The present result shows possible new directions for the realization of magnetoelectric devices. The magnetoelectric effect in BiFeO 3 (BFO) has previously been investigated through direct imaging with photoemissionelectron-microscopy and exchange coupling with an upper ferromagnetic layer. [1] [2] [3] [4] [5] However, investigating antiferromagnetic (AFM) domains in BFO is challenging. In single-crystal BFO, changes in AFM domains as electric field is applied have been observed by neutron diffraction. 6, 7 However, because device applications require BFO thin films-which can have markedly different domain structures than single crystals [8] [9] [10] the electric-field effect in thin films must be investigated directly. Here, we used neutron diffraction to demonstrate electric-field-induced modulation of AFM domain populations in epitaxial BFO thin films. Co/BFO thin-film multilayers showed electric-field-tunable exchange coupling attributable to the domain-population modulation.
It is known that even subtle modification of microstructure can profoundly affect the magnetic structure in epitaxial BFO thin films. 9 Thus, choosing the right BFO structure is imperative. Single-ferroelectric-domain BFO films can be grown on vicinal substrates, 11 which simplifies the investigation of its behavior.
9,10 Here, we deposited 1-μm epitaxial BFO films at 590
• C and 25 mT oxygen partial pressure by pulsed laser deposition on 50-nm SrRuO 3 (SRO) -buffered (bottom electrode) (001)-oriented SrTiO 3 (STO) substrates with a 4
• miscut along the [110] direction. The epitaxial relationship between the film and the substrate were determined through the use of x-ray reciprocal space maps.
By using a conventional piezoresponse force microscopy (PFM; Pt/Ir-coated cantilever, scanning along the [110] direction of the substrate), we characterized the films' ferroelectric domain structures. An ac signal [V ac = V 0 sin(2πf t); amplitude, V 0 = 3 V peak−peak and frequency, f = 7 kHz) was applied between the cantilever and bottom electrode to image the out-of plane and in-plane components of the ferroelectrics with the aid of two lock-in amplifiers.
The as-deposited BFO film showed step flow growth along the miscut direction [110] and a smooth surface (rms roughness ≈ 1.7 nm) [ Fig. 1(a) ]. No piezoresponse contrast in the out-ofplane or in-plane direction was observed [Figs. 1(b) and 1(c)], confirming the monodomain ferroelectric structure. 11 Next, we prepared the film for electric-field-dependent neutron diffraction without compromising the geometry or volume.
To avoid dielectric breakdown due to defects and pinholes over the 10 × 10 mm 2 surface area necessary for neutron diffraction, we fabricated two samples [S1 and S2; Fig. 1(d)] . A Pd top-electrode layer (100 nm) was sputtered on the BFO/SRO/STO epitaxial multilayer, and a 40 × 40 array of 100 × 100 μm 2 electrode patterns was generated on the Pd surface by photolithography. The multilayer was then patterned down to the SRO layer by ion-beam etching to create a Pd/BFO/SRO capacitor pillar array, ensuring that BFO was removed to 90% from film regions where the electric field would not be applied. We determined the electric coercive field from the polarization versus electric field hysteresis loop using a probe station equipped with a Radiant Precision II analyzer 12 to determine the switching bias voltage for neutron diffraction [ Fig. 1(e) ]. After checking the capacitor pillars for electrical insulation (up to 70% of pillars maintained sufficient electrical insulation) using the PE analyzer, we wired all the nonshorted capacitors together in groups.
Neutron diffraction was performed on a triple-axis spectrometer equipped with an Eulerian cradle (BT-9, NIST Center for Neutron Research), a four-circle single-crystal diffractometer (HB-3A, High Flux Isotope Reactor, Oak Ridge National Laboratory), 13 and N5 and C5 triple-axis spectrometers (Chalk River). The BT-9 horizontal collimations before and after the monochromator were 40 and 10 , respectively. Before and after the analyzer, they were 40 and 200 . There was a pyrolytic graphite (PG) analyzer and PG filters before and after the sample to remove λ/2 contamination. Due to strong scattering from the substrate, the peak position was aligned on reflections from the substrate rather than the film; thus all coordinates are expressed using the substrate lattice constants. Experiments on N5 were performed using an Eulerian cradle with a PG monochromator and analyzer (E f = E i = 14.56 meV). Collimations were set to 0.8
• and 0.55
• before and after the sample, respectively, and open before the monochromator and after the analyzer. A PG filter after the sample removed higher-order contamination from the neutron beam. Polarized neutron scattering was performed on the C5 spectrometer. The neutron beams were polarized with Heusler (111) crystals as monochromator and analyzer (E f = 14.56 meV). Permanent magnet guide fields maintained neutron polarization in the incident and scattered beam channels. Two PG filters after the sample eliminated higher-order contamination from the beam. Mezei flippers before and after the sample allowed measurement of all four scattering cross sections (I
−+ ). A five-coil Helmholtz assembly controlled the neutron spin orientation at the sample by producing an ∼10 G magnetic field. The magnetic field orientation at the sample was automatically adjusted to allow measurement of neutron spin perpendicular to the scattering plane and parallel to any orientation in that plane. The flipping ratio was measured as ∼15:1 for various field configurations.
In our setup [ Fig. 2(a) ], the ferroelectric polarization vector was directed along the [111] direction. Because the film was nominally rhombohedral (with slight monoclinic distortion 14 ), the [111] was a threefold axis with three magnetic propagation vectors: Fig. 2(a) , red arrows]. 15 The domain populations in BFO thin films 9, 10 and single crystals 6,7,16 depend on electric-field strength, to remain normal to the polarization. One propagation vector is unchanged by field switching.
Figure 2(b) shows the six possible reflections: two in the scattering plane and two each above and below the plane. On a triple-axis spectrometer, measurements are performed in a scattering plane defined by the detector and the monochromator. Because instrumental resolution in the out-of-plane direction is broad, we capture the projections of the two out-of-plane magnetic domains [ Fig. 2(b) ]. Thus, the peak intensity and its profile are due to in-plane and (projected) out-of-plane domains. In single-crystal studies, domain populations were determined by fits to line scans performed in multiple scattering planes 6, 16 or were observed directly. 5 Changing the relative population of the domains affects the intensities and profiles of the in-plane peaks: The peak centers move closer together or farther apart. Thus, any change in the domain population should change the peak separation.
We surveyed the domain populations in S1 in the poled state (−20 V) on HB-3A and N5 at Chalk River. The film was mounted in the zone defined by the (111) and (1 − 10) reflections. The reciprocal space map [ Fig. 3(a) ] showed two peaks, indicating an incommensurate structure with a periodicity comparable to that of single-crystal samples. A ψ scan through the center of the two reflections [ Fig. 3(b) ] was carefully fitted to
in which the widths were the same (the instrumental resolution should be approximately constant in this range), and the center and amplitudes were allowed to vary. The reflection positions relative to the center (ψ c ) are characterized by one parameter (ψ 0 ). Fitting to four peaks (rather than two) reduced the normalized χ 2 from 2.13 to 1.8. This is statistically significant, and our fit corresponds to an ∼3:1 in-plane/out-of-plane contribution ratio.
Next we performed polarized beam measurements on C5 at Chalk River. In polarized neutron diffraction, we can select the neutron spin state before scattering by the sample. After scattering, we can also select which spin state of the scattered neutrons to measure. Neglecting incoherent scattering, the polarized neutron diffraction cross section is described by
where k i and k f are incoming and outgoing neutron wave vectors, P is neutron polarization, and M is the sample moment direction. Nuclear scattering is contained in the N term. Neutron polarization is indicated by + / − . We performed polarized beam measurements at the (0.5 0.5 0.5) position in the zone defined by the (111) and (1 − 10) reflections [ Fig. 3(c) ]. For P Q (0.5 0.5 0.5), splitting between the + / − and − / + cross sections was strong, consistent with a chirality axis along the [111] direction and magnetic moments in the plane normal to [111] . For P ⊥Q, the two spin-flip cross sections gave the same intensity [ Fig. 3(d) ], also consistent with a chirality axis along [111] . Thus, we conclude that the magnetic structure of this BFO film differs markedly from that of the single crystal [ Fig. 3(e) ]. There is a cycloid with moments spiraling in the plane normal to the polarization, consistent with theoretical predictions of an easy plane in films. We performed neutron diffraction measurements on S2 in its unpoled state first. Then the sample was removed, a −200 KV/cm electric field was applied to the parallel arrays of capacitor pillars along the film normal direction ([001]), and the sample was remeasured. Finally, a +200 KV/cm electric field was applied, and the sample was remeasured. The sample was carefully realigned each time in the same orientation on the spectrometer. S1 was also measured first in the unpoled state; then a +200 KV/cm field was applied to the pillars along the film normal direction, the sample was measured, and a −200 KV/cm field was applied.
We prepared a reciprocal space map of S1 measured in the [hkk] scattering plane for the unpoled state and after sequential application of +200 and −200 KV/cm fields (Fig. 4) . Two two-dimensional Gaussians were fitted to the data from both samples [ Fig. 4(d) ]. The intensity of one Gaussian was parametrized by
where A is amplitude, σ x and σ y are standard deviations, θ is the rotation angle of the Gaussian, and (x 0 ,y 0 ) is the center. We constrained the two Gaussians to the same width because the instrumental resolution was constant over the measured range. The peak separation (2δ) for the two samples varied similarly with the applied electric field, and the δ values agreed with each other for the same applied field. The data were fitted with DREAM, 19 a Markov chain Monte Carlo simulation method with differential evolution update steps. The resulting Markov chains converge to sampling from the underlying probability distribution; from this sample, the expected and maximum likelihood values can be estimated and their uncertainties accurately assessed. This method is powerful when the optimized parameters are correlated and cannot be determined independently. We fitted the peak centers, separation, and amplitudes to estimate the electric-field effect on the peak separation. From these fits, we infer that the relative domain populations change with the applied field. That AFM domains could be electrically switched between population states in BFO thin films provides direct evidence that electric-field-tunable exchange bias can be established in ferromagnet/BFO bilayers, which will be the basis for electric-field-switchable magnetoresistance devices. Exchange coupling in ferromagnet/BFO systems has been reported, with single-crystal and thin-film BFO behaving differently. 5, 20, 21 To study the effect of the field-induced AFM domainpopulation change on exchange coupling with a ferromagnetic layer, we prepared another 1-μm epitaxial BFO film (4 • miscut along the [110] direction) and deposited a 5-nm Co layer by electron beam evaporation at room temperature (with no magnetic field applied). (A 5-nm Pt layer was deposited on the Co layer to prevent oxidation.) The Pt/Co layer was patterned into 100 × 100 μm 2 pads. Cross-sectional transmission electron microscopy showed a sharp interface between the BFO and Co layers with no indication of Co oxide formation.
Longitudinal magneto-optical Kerr effect (MOKE) magnetic hysteresis loops were measured on a Co pad as the angle between the external magnetic field and the sample was swept. To increase the signal-to-noise ratio of the MOKE response, hysteresis loops from 10 measurements at each angle were averaged. From the angle-dependent hysteresis loops, the anisotropy axes were determined. The hysteresis loops of unpoled Co/BFO films with the magnetic field applied along the Co layer's magnetic easy and hard axes indicated uniaxial anisotropy in the Co layer, induced by exchange coupling between the Co and BFO layers [ Fig. 5(a) • ). Similar behavior was observed for M R /M S : The ratios differed after poling. H E clearly decreased with poling; the values for the +200 and −200 kV/cm poling states were similar. Thus, the applied electric field shifted exchange bias.
The magnetic moments associated with a given k domain in single-crystal BFO lie in the plane determined by the ferroelectric polarization and the propagation vector. 15 In addition, the projections of these moments into the plane containing the Co moments lie along the [100], [010] , and [110] directions for k 1 , k 2 , and k 3 magnetic domains. These were the easy axes found for the soft CoFeB layer deposited on single crystals in a previous study. This is also consistent 140405-4 with the easy axis we find in the present experiment. Thus, the projection of the cycloid into the Co plane sets the easy axis of these materials. From single-crystal measurements, only two k domains are typically observed. Thus, by changing their relative populations, we can control the projection of the net moments onto the Co film and thus determine its easy axis. For our films where the AFM moments form a spiral structure, the easy axis did not change with electric-field application, whereas H S did, suggesting that the relative domain populations did not shift enough to significantly change the easy and hard axes. Thus, the present tunable exchange bias is a one-way effect, where we could modify the exchange bias with the electric field-but only once. A similar conclusion was reached with films of different thicknesses and device geometry. 21 This suggests that spirals cannot be used to reproducibly change the easy axis in such systems.
We showed that magnetic domain populations in modulated BFO films changed upon electric-field application. Furthermore, when we deposited Co on such films, they exhibited exchange bias that can be shifted by application of electric field. The saturation field of such structures could also be changed by field application. Although we could not switch the easy axis of the Co layer, these results represent a major step toward understanding the mechanism of tunable exchange bias, with the ultimate goal of scalable, room-temperature magnetoelectric thin-film BFO devices. Recent works using different approaches show some promise.
